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Executive Summary 
 

 The radioactive wastes stored in tanks 241-C-201, 241-C-202, 241-C-203, and 241-C-204 
(C-200 series tanks) are to be retrieved with the C-200 vacuum retrieval system (VRS).  The 
VRS will use high-volume, liquid-ring vacuum pumps (LRVPs) to suck the wastes up through an 
articulated mast system, separate it from the suspending air, collect and transfer it to a receiver 
batch tank, and return the air as exhaust to the waste tank being retrieved.  Analysis of potential 
accidents has indicated that a break in the line used to return the VRS exhaust to the waste tank 
might release unacceptable quantities of suspended radioactive material to the environment. 
 
 To estimate the quantity of suspended material in the VRS exhaust line and allow a more 
definitive determination of accident risks, the contractor responsible for the C-200 series tanks 
waste retrieval, CH2M HILL Hanford Group, Inc. (CH2M HILL), and staff from Pacific 
Northwest National Laboratory (PNNL) conducted a series of tests with the VRS using non-
radioactive waste simulants at the Hanford Cold Test Facility.  The test plan and procedures are 
given by Baide and Huckaby (2003).  This report describes the tests conducted and presents and 
discusses the results. 
 
 The goal of the C-200 VRS aerosol tests was to collect sufficient information to make a 
conservative estimate of particulate and aerosol mass concentrations in the VRS exhaust line 
under actual operating conditions.  Because the potential exists to accumulate waste in the VRS 
between the batch tank (where the bulk of the waste is collected) and the exhaust line, and the 
accumulation of waste in this section of the VRS directly affects the exhaust aerosol 
concentration, it is important to be able to estimate the rate of waste accumulation and relate it to 
the exhaust aerosol concentration.  Consequently, the tests were designed to evaluate the 
collection efficiency of the batch tank, the rate at which waste accumulated in the LRVP seal 
water, and the rate at which the LRVP seal water separator released materials to the exhaust line.  
 
 Tests were conducted with the VRS retrieving two different waste simulants; one was 
intended to represent aqueous wastes conservatively and the other to examine system 
performance on a dry material.  Aqueous wastes were simulated by water and dry wastes by 
graded dry sand in the tests, which used the same process equipment as, under conditions similar 
to, the actual retrievals from the C-200 series tanks.  The aqueous waste simulant was tagged 
with trace levels of nonradioactive Cs, and the LRVP seal water was tagged with trace levels of 
Rb. 
 
 Testing consisted of collecting air samples from the VRS exhaust line while the VRS was 
applied to collect full-scale batches of waste simulant.  The exhaust air sample was heated to 
evaporate the liquid water portion of the aerosol and then filtered to collect essentially all the 
solid particles in the sample air.  Samples of the LRVP seal water were collected at the beginning 
and end of each test run to establish initial and final conditions of this key process fluid.  Also, 
the liquid that tended to collect and run along the inside of the exhaust line was sampled during 
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the test runs.  All samples were subsequently analyzed for chemical tracers (when tests involved 
the aqueous waste simulant) or mass and particle size distribution (when tests involved the dry 
waste simulant). 
 
 Not all tests planned by Baide and Huckaby (2003) were conducted; all the planned aqueous 
waste simulant tests were completed, but, after the first dry waste simulant test run, testing was 
interrupted and two planned test runs were not conducted.  The lack of data from these final two 
test runs was determined to be acceptable by the CH2M HILL test coordinator. 
 
 Table ES.1 lists the aqueous waste simulant aerosol concentrations measured in the VRS 
exhaust line.  As indicated in the table, the first test run was performed with a single LRVP 
operating, and subsequent test runs were performed with both LRVPs.  The aerosol 
concentration was expected to increase with each successive test run (because waste simulant 
concentrations in the LRVP seal water increase), but the approximately geometric increases 
observed were larger than expected.  The anomalously high aerosol concentration observed 
during the CsCl4 test run may be due to the re-entrainment of droplets from the thin streams of 
liquid running along the inside wall of the exhaust line. 
 

Table ES.1.  Aqueous Waste Simulant Test Aerosol Mass Concentrations 

Test Run Description 
VRS Exhaust Aqueous Waste Simulant 

Aerosol Mass Concentration 
(mg/m3) 

CsCl1 Test run with one LRVP 2.5 

CsCl2 Test run with two LRVPs 6.6 
CsCl3 Test run with two LRVPs 25 
CsCl4 Test run with two LRVPs 102 

 
 The VRS exhaust was estimated to contain from 0.07 to 0.7 mL/m3 of LRVP seal water as an 
aerosol, based on measured tracer concentrations in the LRVP seal water and quantities of the 
tracers on the aerosol filters.  Higher concentrations of seal water aerosol in the exhaust were 
associated with increased LRVP operating temperatures and the use of two LRVPs instead of 
one.  Informal testing performed subsequent to the aerosol tests indicates entrainment of LRVP 
seal water is strongly affected by the amount of seal water introduced to the LRVPs.  The 
amount of condensate and entrained seal water was reduced by approximately a factor of five by 
reducing the seal water flowrate. 
 
 The VRS batch tank collection efficiency was calculated from the accumulation of aqueous 
waste simulant tracer (Cs) in the LRVP seal water.  Collection efficiency was markedly higher 
for the test conducted with one LRVP than for the three tests conducted with two LRVPs.  The 
calculated batch tank efficiency with one LRVP was 99.98%; with two LRVPs the average was 
about 98.3%.  The reason for this difference was not established but could be explained by a 
nonrepresentative sample of LRVP seal water or an error in its chemical analysis.  Because it is 
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inconsistent with subsequent test runs, we recommend that the batch efficiency calculated for the 
first test run not be used for safety-related analyses and that the batch tank collection efficiency 
be assumed to be 98.3% regardless of whether one or two LRVPs are used. 
 
 The single test run using dry waste simulant was determined to produce an exhaust aerosol 
with approximately 9.8 mg/m3 of simulant.  Particle size analysis indicated the aerosol was 
composed predominantly of particles smaller than about 50 µm and about 80% of the aerosol 
mass was due to particles greater than about 10 µm. 
 
Reference 
 
Baide DG and JL Huckaby.  2003.  C-200 Series Retrieval Project – Test Implementation Plan 
for Measurement of Particulate and Aerosol Discharge for the Vacuum Retrieval System.  
RPP-17356 Rev. 1, CH2M HILL Hanford Group, Inc., Richland, WA. 
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CTF    Cold Test Facility 
g     grams 
ICP-MS   inductively coupled plasma mass spectrometry 
L     liters 
LRVP    liquid ring vacuum pump 
mg     milligrams 
mL     milliliters 
PNNL    Pacific Northwest National Laboratory 
psi     pounds per square inch 
VRS    vacuum retrieval system 
wt%    weight percent 
µg     micrograms 
µm     micrometers 
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1.0 Introduction 
 
 The radioactive wastes stored in tanks 241-C-201, 241-C-202, 241-C-203, and 241-C-204 
(the C-200 series) are to be retrieved with the C-200 vacuum retrieval system (VRS).  The VRS 
will use high-volume vacuum pumps to draw the wastes up through an articulated mast system 
(AMS), separate it from the suspending air, collect and transfer it to a receiver tank, and return 
the air as exhaust to the waste tank being retrieved.  Analysis of potential accidents has indicated 
that a break in the line used to return the VRS exhaust to the waste tank could release 
unacceptable quantities of suspended radioactive material to the environment. 
 
 To estimate the quantity of suspended material in the VRS exhaust line and allow a more 
definitive determination of accident risks, the contractor responsible for the C-200 series tank 
waste retrieval, CH2M HILL Hanford Group, Inc. (CH2M HILL), and staff from Pacific 
Northwest National Laboratory (PNNL) conducted a series of tests with the VRS using non-
radioactive waste simulants at the Hanford Cold Test Facility (CTF).  The test plan and 
procedures are given by Baide and Huckaby (2003).  This report describes the tests conducted 
and presents and discusses the results. 
 

1.1 C-200 VRS Aerosol Test Objective 
 
 The goal of the C-200 VRS aerosol tests was to collect sufficient information to 
conservatively bound the particulate and aerosol mass loading in the VRS exhaust line under 
actual operating conditions.  Based on criteria developed by CH2M HILL safety analysts, the 
tests were to provide an aerosol detection limit of about 1 mg/m3. 
 

1.2 C-200 VRS Description 
 
 This section provides background information on the C-200 VRS and its operational 
conditions during the tests.  
 
1.2.1 Overview of Equipment and Operations 
 
 The C-200 VRS consists of the AMS, a batch tank and two waste transfer pumps, two liquid 
ring vacuum pumps (LRVPs), the LRVP liquid/air separator vessel, a monitoring and control 
system, a portable exhauster, and hose-in-hose transfer lines.  The AMS is installed through a 
riser on the tank to be retrieved and extended so that its inlet reaches within several inches of the 
waste surface.  Compressed air is injected at the inlet of the AMS to lower the density of the 
waste inside the AMS, and assist the vacuum retrieval of waste vertically into the batch tank.  
Water can also be added at the inlet of the AMS as a lubricant for collecting dry wastes.  The 
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AMS is also equipped with high-pressure “scarifier” jets (1,500 psi) that can be used to break up 
and mobilize the waste. 
 
 The bulk of the waste drawn up through the AMS is separated from the entraining air in the 
batch tank.  Waste is collected at the bottom of the batch tank while air exits the top of the tank.  
The batch tank has a maximum capacity of approximately 1,200 L, with a working volume of 
approximately 950 L.  Progressive cavity pumps are used to transfer wastes from the batch tank 
to the designated waste receipt tank. 
 
 The vacuum system consists of two liquid ring vacuum pumps (LRVPs), a seal water/air 
separator vessel, and a seal water cooler.  The two pumps may be operated one at a time or 
simultaneously.  The LRVPs use water as the sealing and heat removal medium.  The seal 
water/air separator vessel performs two functions.  It acts as a cyclone to collect particulate and 
aerosols entrained in the LRVP discharge stream, and it serves as the reservoir of seal water.  
Seal water collected in the LRVP separator vessel flows through a heat exchanger (to remove the 
heat generated by the LRVPs) and back into the LRVPs.  High- and low-level switches in the 
seal water/air separator vessel maintain proper level for pump operation.  The air leaving the 
LRVP separator vessel is routed back to the waste tank being retrieved to complete a closed-loop 
air recirculation system.  More detailed descriptions of the C-200 VRS are given by Baide and 
Huckaby (2003).  
 
1.2.2 Aerosol Separation Processes Within the VRS 
 
 The VRS uses a sequence of three separation processes to separate retrieved waste from the 
exhaust air.  These are 1) the bulk separation of waste from air in the batch tank, 2) the mixing 
and centrifugal separation of air and waste aerosol with water in the LRVPs, and 3) the cyclonic 
separation of LRVP seal water from air in the LRVP separator vessel. 
 
 The air and entrained waste enter the batch tank via a side inlet into the top of the tank that 
directs the waste and air downward.  Gravity and inertia cause the bulk of the waste to 
accumulate at the bottom of the batch tank while the air is removed via a vertical pipe in the top 
of the tank. 
 
 Air and any entrained waste leaving the batch tank enter the LRVPs.  The LRVPs use violent 
mixing of the incoming air with water and centrifugal forces inside the LRVPs to effect the 
removal of particulates from the air.  This results in the collection of virtually the entire waste 
aerosol that enters the LRVPs by the seal water.  However, some of the seal water is itself 
entrained as droplets in the air leaving the LRVPs, and to the extent that these droplets contain 
dissolved or suspended waste and pass through the LRVP separator vessel, waste can be re-
entrained in the VRS exhaust.  Thus, the waste aerosol mass concentration in the VRS exhaust 
line is expected to be a strong function of the concentration of waste in the LRVP seal water. 
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 The mixture of air and LRVP seal water pumped out of the LRVPs enters the LRVP 
separator vessel.  It is a cyclone separator, and the LRVP separator vessel tends to be very 
efficient at removing all particles above a cut size and allows most particles below the cut size to 
pass through.  The cut size will vary with the velocity of incoming air, the extent to which the 
vessel is filled with material (seal water), and the density and aerodynamic properties of the 
particles. 
 
 Because the concentration of waste in the LRVP water increases steadily as waste aerosol 
enters from the batch tank, the waste aerosol mass concentration in the VRS exhaust will also 
continue to rise (other things being equal) until the LRVP water is drained and replaced with 
fresh water.   
 
1.2.3 Operating Conditions that Maximize Exhaust Aerosols 

 
 According to Baide and Huckaby (2003), the bounding conditions that result in the maximum 
aerosol concentration in the VRS exhaust line are the following: 

• No scarifier or lube water running.  Any water addition at the AMS inlet nozzle will 
enhance removal in the batch vessel. 

• Batch vessel full.  A full vessel reduces the available space for inertial or settling effects 
and supports resuspension of material. 

• Both vacuum pumps operating.  Maximum airflow and volume enhances turbulence in 
the batch vessel and seal water/air separator vessel, which supports resuspension of 
material and short-circuits inertial or settling effects. 

• Normal liquid level in the seal water/air separator vessel.  Maximum vacuum pump 
efficiency creates highest pass-through. 

 
 Informal testing performed subsequent to the aerosol tests indicates entrainment of LRVP 
seal water is strongly affected by the amount of seal water introduced to the LRVPs.  The 
amount of condensate and entrained seal water observed during the aerosol tests was reduced by 
approximately a factor of five by reducing the seal water flowrate.  Based on operating 
experience with the VRS, the manufacturer has confirmed that the listed conditions represent 
worst-case pass-through into the exhaust stream (Baide and Huckaby 2003). 
 

1.3 Quality Assurance 
 
 The quality assurance requirements applied to the testing are described by Baide and 
Huckaby (2003).  Chemical analyses of the liquid and filter samples were conducted by the 
222-S Laboratory in compliance with the DOE’s Hanford Analytical Services Quality Assurance 
Document.  Sample chain of custody records, calibration certificates, and test exceptions are 
documented in the field copy of the test plan and procedures (Baide 2003).  
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1.4 Organization of the Report 
 
 Descriptions of the tests, waste simulants, the test apparatus and instrumentation, the 
sequence of events, and deviations from the test plan are given in Section 2 of this report.  
Sections 3 and 4 provide the test data, sample analyses, and detailed results for the aqueous and 
dry waste simulant tests, respectively.  Conclusions from the test results are given in Section 5 
and cited references in Section 6. 
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2.0 Test Description 
 

Testing of the C-200 VRS for exhaust aerosols was governed by C-200 Series Retrieval 
Project – Test Implementation Plan for Measurement of Particulate and Aerosol Discharge from 
the Vacuum Retrieval System (Baide and Huckaby 2003), which provides both the test plan and 
test procedure.  The field copy of that test plan, with instrument calibration records, completed 
data sheets, and a record of test exceptions, has been released as Baide (2003). 

 
This section summarizes the testing, test apparatus and instrumentation, the sequence of 

events, and deviations from the test plan. 
 

2.1 Overview of Tests 
 
 Tests were conducted using the same process equipment that will be used to retrieve wastes 
from the C-200 series tanks under conditions similar to those of the actual retrievals.  Test 
conditions, waste simulants, and sample locations were also chosen to provide the information 
needed to develop reasonably conservative estimates of waste aerosol concentrations in the VRS 
exhaust line. 
 
 Tests were conducted using the C-200 VRS as it was installed at the Hanford CTF in July 
2003.  Two waste simulants were tested.  Aqueous wastes were simulated by water containing a 
chemical tracer, and dry wastes were simulated by #70 sand (see Section 2.2).  Testing consisted 
of collecting air samples from the VRS exhaust line while the VRS was applied to collect full-
scale batches of waste simulant.  The exhaust air sample was heated to evaporate the liquid water 
portion of the aerosol, then filtered to collect essentially all the solid particles in the sample air.  
The collected filter samples were subsequently analyzed for chemical tracers (when tests 
involved the aqueous waste simulant) or mass and particle size distribution (when tests involved 
the dry waste simulant). 
 
 To establish the rate at which the aqueous wastes accumulate in the LRVP seal water, 
samples were collected after each aqueous waste simulant test run and analyzed for the waste 
simulant tracer.  A second chemical tracer was added to the LRVP seal water to independently 
track the LRVP seal water in the exhaust aerosol.   
 

2.2 Waste Simulants 
 
 Tests were conducted with the VRS retrieving two different waste simulants, one intended to 
conservatively represent aqueous wastes and the other to examine system performance on a dry 
material.  Aqueous wastes were simulated in the tests by water, and dry wastes were simulated in 
the tests by graded dry sand. 
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2.2.1 Aqueous Waste Simulant 
 
 Water is a conservative simulant of aqueous wastes because it has a lower density and the 
efficiencies of the VRS separation processes tend to increase as the density of the aerosol 
particles increases.  The cyclonic separation of LRVP separator vessel and the centrifugal action 
of the LRVPs both rely on the inertia of the aerosol particles to effect their separation from air, 
and higher density particles (other things being equal) are preferentially separated.  A small 
amount of cesium chloride (CsCl) was added to the water (i.e., the waste simulant) to allow the 
simulant to be tracked through the VRS process and quantitatively measured in the VRS exhaust 
line.  Cs was selected as a tracer because it is not normally present at significant concentrations 
in water and can be accurately measured by standard laboratory techniques at very low 
concentrations.(a)  The CsCl was added strictly as a chemical tracer.  At the concentration that 
was used it was not expected to modify the physical properties of the water. 
 
2.2.2 Dry Waste Simulant 
 
 In an attempt to simulate worst-case performance of the VRS on C-200 series waste, 
preliminary testing was conducted in late July using a silicon dioxide powder having a mean 
particle size of about 3.5 µm.  By comparison, Creze and Jewett (2002) estimated the C-200 
series wastes had a median particle size of 7.5 µm (i.e., 50% of all waste particles have an 
equivalent diameter of 7.5 µm or less), and a 95th percentile particle size of 140 µm (i.e., 95% of 
all particles are smaller than 140 µm).  The preliminary testing conducted in late July with 
3.5 µm simulant was performed without the benefit of lubrication water at the entrance of the 
AMS and with both LRVPs operating.  Under these operating conditions, a significant fraction of 
the extremely fine powder was passed through the batch tank and collected in the LRVP seal 
water.  The wetted powder accumulated and eventually fouled portions of the LRVP heat 
exchanger, causing the temperature of the LRVP system to rise. 
 
 While much of the waste to be retrieved with the VRS contains fine particles, it is expected 
to be agglomerated and have much larger effective particle sizes than the extremely fine, loose, 
dry SiO2 powder used in the preliminary tests.  Consequently, the dry waste simulant chosen for 
the tests discussed in this report was not intended to be a direct simulant of the C-200 series tank 
wastes.  These tests were conducted with commercially available #70 sand.  The vendor-supplied 
particle size distribution determined using screen filtration(b) is given in Table 2.1, with compar-
able results from light scattering particle size analysis(c) performed by PNNL.  More detailed 
particle size analyses by both screen analysis and light scattering are given in Appendix A.  
 

                                                 
(a)  An informal analysis by PNNL of a CTF process water sample indicated Cs to be present at about 0.014 ng/mL.  
(b)  Lane Mountain Company, Valley, WA. 
(c)  Analyses conducted on two grab samples of the simulant using a Horiba LA-920 particle size analyzer. 
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Table 2.1.  Dry Waste Simulant Particle Size Distribution 

Particle Size(a) 

d 
(µm) 

Vendor Analysis(b) 

(wt%) 

Particle Size 
d 

(µm) 

Light-Scattering 
Analysis (average)(c) 

(wt%) 
d ≤ 74 5.0  d ≤ 77 0.00 

74 < d ≤105 10.5 77 < d ≤ 101 0.02 
105 < d ≤ 147 18.0 101 < d ≤ 152 0.35 
147 < d ≤ 208 31.0 152 < d ≤ 229 2.0 
208 < d ≤ 297 32.0 229 < d ≤ 301 3.3 

297 < d 3.5 301 < d 94 
(a)  Particle size is the effective particle diameter. 
(b)  Vendor analysis was conducted by screening a sample, and particle sizes correspond to screen mesh sizes. 
(c)  Two samples of the sand in the waste simulant trough were analyzed by light-scattering.  Results from the 
two samples were averaged by first converting the size distribution (see Appendix A) to a mass distribution, and 
then averaging the fractions of mass in each size bin from the two samples. 

 
 The large difference between the particle size distributions from the vendor (based on 
shaking the sand through screens of different mesh size) and from light-scattering analysis is not 
understood.  Some settling of the finer particles in the waste simulant trough (prior to sample 
collection) and in the sample vials (prior to sub-sampling for the light-scattering analyses) may 
have occurred, but this does not completely explain the large differences in reported size 
distributions.  The sand itself was supplied in 80-pound bags, and it is possible that the two 
analyses were based on samples from different portions of a much larger supply of sand. 
 
2.2.3 VRS Exhaust Line Modifications 
 
 The VRS exhaust aerosol sampling apparatus is illustrated in the lower half of Figure 2.1.  It 
consisted of a 48-in. long section of clear 4-in. inside-diameter Plexiglas pipe with a 45° wye, 
blind flange, and long-radius pipe elbow; a sampling probe inserted into the Plexiglas pipe, an 
aerosol filter holder with two filters, valves for controlling airflows, and associated instruments 
for measuring airflows and temperatures.  As indicated in the figure, this apparatus was 
connected to the exhaust of the LRVP separator vessel.  Because the LRVP separator vessel is 
housed in a steel Connex box and room within the Connex box is limited, the sampling apparatus 
was installed outside the Connex box, connected to the VRS in place of the VRS exhaust line (a 
4-in. inside diameter hose).  The exhaust air passed through the sampling apparatus and was 
directed downward into a bucket to collect the bulk of condensate and entrained liquid from the 
LRVP separator vessel. 
  



 

  2.4  

 
 Figure 2.1. Diagram of Test System 

 
2.2.4 Aerosol Sample Filters 
 
 The aerosol sample filter assemblies were composed of commercially available 47 mm filter 
holders(a) modified to include a 34.25-in.-long, 0.245-in.-inside diameter straight stainless steel 
tubes with a beveled (knife-edge) inlet.  As depicted in Figure 2.1, the aerosol filter holder was 
located outside the plastic sampling manifold and accessed the exhaust air via a straight sampling 
probe.  Each filter sample was collected with a dedicated sampling probe and filter holder, so 
that aerosol particles collected on the inner wall of the sampling probe could be rinsed from the 
                                                 
(a)  Model 2220, Paul Gelman, East Hill, New York. 
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probe and included in the sample.  The sampling probe was inserted at a marked location 
approximately 40 in. (10 pipe diameters) away from the entrance of the Plexiglas pipe and 8 in. 
(2 pipe diameters) upstream of the 45º wye.  The probe location was chosen to provide fully 
developed flow profile. 
 
 The filter holder and the sampling probe between the blind flange and the filter holder were 
wrapped with heat tape and heated when samples were collected to evaporate any water droplets 
in the air stream and protect the filters from becoming wet.(a)  Because the VRS exhaust air was 
hot (105° to 140°F) and essentially saturated with water vapor from the LRVPs, precautions 
were necessary to prevent the condensation of water in the sample air mass flow meter.  For this 
purpose, the sample air was mixed with a measured stream of dry air that effectively reduced its 
dewpoint to below the ambient temperature.   
 
 Two filters were used for each sample to demonstrate that the first (upstream) filter had 
indeed collected essentially all the aerosols and had not been wetted.  In the event that either 
filter exhibited water spots (nonuniform coloration of deposits) or breakage, the second 
(downstream) filter would also be analyzed.  Two glass fiber filters(b) were installed in the filter 
holder when the aqueous waste simulant was tested, and two mixed cellulose membrane filters(c) 
were installed in the filter holder when the dry particulate waste simulant was used.  The glass 
fiber filters were considered less likely to break during sample collection and were easily 
analyzed for the chemical tracers.  The mixed cellulose membrane filters were used for tests of 
the dry waste simulant (sand) because, unlike the glass fiber filters, they could be incinerated to 
recover the simulant.   
 
2.2.5 Sample and Total Airflow Control and Measurement 
 
 The total VRS exhaust flow rate was measured using an Annubar meter installed about 8 in. 
(two pipe diameters) from the exhaust outlet.  Total exhaust flow rate was not a critical 
measurement of the tests, but was needed to adjust sample airflow rates to an isokinetic velocity.  
Because the Annubar meter proved unreliable in the wet exhaust conditions and insensitive to 
low flow rates, two hand-held flow rate instruments were also used.  These were a thermal 
anemometer(d) and a vane anemometer.(e) 
 

                                                 
(a)  Collection efficiency of the filters would be significantly reduced if the filters were allowed to become wetted. 
(b)  Type A/E 47 mm diameter, Pall Corporation, Ann Arbor, MI. 
(c)  Type SMWP04700, Millipore Corporation, Bedford, MA. 
(d)  Model TA4, AIRFLOW Technical Products, Netcong, NJ. 
(e)  Model AV6, AIRFLOW Technical Products, Netcong, NJ. 
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 The Annubar meter was calibrated by Dick Munns Company(a) for a range from 235 to 
1,130 scfm.  A copy of the calibration certificate is included in the field copy of the test plan 
(Baide 2003).  Both the thermal anemometer and the vane anemometer were outside their 
allowed calibration periods.  These instruments were used for indication purposes only during 
the tests. 
 
 Sample airflow rates were measured with two mass flow meters.(b)  Each of these had its own 
digital readout, calibrated for 0 to 3 scfm.  Both sample air mass flow meters were also 
connected to a datalogger for electronic recording of data on a laptop computer.  Dry air was 
supplied from a standard high-pressure air cylinder equipped with a pressure regulator.  Metering 
and shut-off (quarter-turn ball) valves were used to control dry air and sample airflow rates.  A 
rotary vane vacuum pump was used to draw sample air through the sampling probe, filters, and 
sample flow meter. 
 
 The sample air and dry air mass flow meters, datalogger, and dedicated laptop computer were 
calibrated as a unit by the PNNL Instrument Calibration Facility.  A copy of the calibration 
certificate is included in the field copy of the test plan (Baide 2003). 
 
 Condensate and entrained liquid in the VRS exhaust was collected in a plastic bucket and 
measured using either a 500- or 2,000-mL plastic graduated cylinder.   
 
2.2.6 System Temperatures 
 
 Key VRS and sampling apparatus temperatures were measured using Type J thermocouples(c)  
connected to a thermocouple reader.(d)  The LRVP separator vessel temperature was monitored to 
establish an approximate water vapor concentration in the exhaust, which was in turn used to 
establish the ratio of dry air to sample air needed to prevent condensation in the sample air mass 
flow meter.  The VRS exhaust air temperature was measured in two locations:  in the air stream 
itself via a port in the sampling apparatus blind flange and at the outlet of the sampling 
apparatus.  Two other thermocouples were inserted under the heat tape of the filter sample probe 
and filter holder to ensure their temperatures were adequate to prevent water droplets from 
wetting the filters. 
 
 The Omega thermocouples and thermocouple reader were calibrated as a unit by the PNNL 
Instrument Calibration Facility.  Readings were established as ± 2°C.  A copy of the calibration 
certificate is included in the field copy of the test plan (Baide 2003). 
 

                                                 
(a)  Dick Munns Company, Los Alamitos, CA. 
(b)  Model 826-NX-OV1-PV1-VT, Sierra Instruments, Monterey, CA. 
(c)  Model SA 1-J, Omega Engineering Inc., Stamford, CT. 
(d)  Model CN1507-TC, Omega Engineering Inc., Stamford, CT. 



 

  2.7  

2.3 Test Sequence and Deviations from the Test Plan 
 
 Tests were conducted on August 6 and 7, 2003.  The sequence of events is given in 
Table 2.2.  Of the seven planned test runs using waste simulant, only five were actually 
performed.  All four tests runs using the aqueous waste simulant were successfully performed, 
and all planned samples associated with these runs were collected.  Only one of the three planned 
dry waste simulant runs was performed because of operability problems with the sample air mass 
flow meters.   Issues encountered during the tests include the following: 

1. Aerosol droplets in the VRS exhaust were apparently causing the Annubar airflow meter 
to give questionable readings.  In addition, airflow rates in the VRS during waste retrieval 
were expected to be in the 75 to 250 cfm range, and the Annubar was neither calibrated 
for (nor did it respond to) flow rates less than 200 cfm.  For indication of the exhaust 
flow rate, an Airflow TA4 thermal anemometer (serial number 087556, last calibrated in 
1998) was used. 

The exhaust airflow rate data were originally specified as necessary for the tests because 
they were to be used to establish isokinetic sample airflow rates.(a)  To compensate for the 
lack of accurate exhaust airflow rate data, the sample airflow rates were set to ensure sub-
isokinetic sampling.  When an air stream is sampled for aerosol particles using sub-
isokinetic sampling rates, the sampling tends to collect more aerosol particles per unit 
volume of sampled air than are actually in the air stream being sampled.  This ensures a 
conservatively high estimate of the aerosol concentration in the exhaust stream.  The size 
distribution of particles collected on the filter is also biased by the disproportionate 
collection of larger particles. 

2. A gradual rise in the temperature of the LRVP separator vessel from 35º to 59ºC was 
observed during the tests conducted on August 6, 2003.  This coincided with an increase 
in the amount of liquid (condensate and entrained seal water) in the VRS exhaust line. 

3. After completion of test runs on August 6, the LRVP separator vessel was drained, and 
the LRVP seal water from the aqueous waste simulant tests was replaced with fresh 
water.  This maintenance related event was not a planned test event.  It effectively 
eliminated the CsCl and RbCl chemical tracers from the system and negated the value of 
collecting further LRVP seal water samples.  Only ancillary data were lost. 

4. Field observations of the initial dry waste simulant test run on August 7 caused the run to 
be stopped before a complete batch of simulant had been collected.  The appearance of 
fine suspended particulates in the exhaust line liquid, the increasing temperature of the 
LRVP separator vessel, and the relatively large quantities of exhaust line liquid collected 
all contributed to the decision by the test coordinator to abort the test run.  Approximately 
1,900 lb of dry waste simulant were collected; a complete batch would be 2,000 lb. 

 
                                                 
(a)  Sampling of an air stream is isokinetic when the velocity of air entering the sampling probe matches the velocity 
of air flowing past the probe. 
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Table 2.2.  Test Chronology 

Date Time Event 
6-Aug-03 14:25 One LRVP started for system warmup 

  15-min warmup run performed 
 14:43 LRVP stopped 
 15:16 Filter sample air started 
 15:17 One LRVP started 
  Collected system blank “Filter1” 
 15:36 LRVP stopped 
 15:36 Filter sample air stopped 
  Collected LRVP seal water sample “LRVP1” 
  Added RbCl solution to LRVP seal water 
  Added CsCl solution to simulant trough and mixed 
  Collected aqueous waste simulant sample “CsCl1” 
 16:17 Started filter sample airflow 
 16:19 Started one LRVP 
  Collected aerosol filter assembly sample “FilterCs1” 
 16:27 Stopped LRVP 
 16:27 Stopped filter sample airflow 
  Collected LRVP seal water sample “LRVP2” 
  Collected aqueous waste simulant sample “CsCl2” 
 16:59 Started filter sample airflow 
 17:01 Started two LRVPs 
  Collected aerosol filter assembly sample “FilterCs2” 
 17:08 Stopped LRVPs 
 17:08 Stopped filter sample airflow 
  Collected exhaust line liquid sample “Cond1” 
  Collected LRVP seal water sample “LRVP3” 
  Collected aqueous waste simulant sample “CsCl3” 
 17:32 Started filter sample airflow 
 17:36 Started two LRVPs 
  Collected aerosol filter assembly sample “FilterCs3” 
 17:42 Stopped LRVPs 
 17:42 Stopped filter sample airflow 
  Collected exhaust line liquid sample “Cond2” 
  Collected LRVP seal water sample “LRVP4” 
  Collected aqueous waste simulant sample “CsCl4” 
 18:09 Started filter sample airflow 
 18:10 Started two LRVPs 
  Collected aerosol filter assembly sample “FilterCs4” 
 18:18 Stopped LRVPs 
 18:18 Stopped filter sample airflow 
  Collected exhaust line liquid sample “Cond3” 
  Collected LRVP seal water sample “LRVP5” 

7-Aug-03 11:08 Started filter sample airflow 
 11:09 Started one LRVP 
  Collected aerosol filter assembly sample “Filter2” 
 11:33 Collected exhaust line liquid sample “Cond4” 
 11:38 Stopped LRVPs 
 11:39 Stopped filter sample airflow 
  Collected exhaust line liquid sample “Cond5” 
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 The decision was also made at that time to drain the LRVP seal water, flush the LRVP 
separator vessel, and change the test sequence to include a test run using lubricating water in the 
AMS inlet nozzle.  However, during the transfer of waste simulant from the VRS batch tank to 
the CTF spent simulant pond, a vent line overflowed with water, and the Sierra sample air and 
dry air mass flow meters were sprayed with water.  The mass flow meters were briefly tested 
with dry air, and found to be inconsistent with each other.  Based on their key role in the tests, 
the tests were stopped. 
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3.0 Aqueous Waste Simulant Tests 
 
 Four tests were run using water as an aqueous waste simulant.  This section discusses the test 
conditions and presents the results of these test runs. 
 

3.1 Aqueous Waste Simulant and LRVP Water Tracers 
 
 Four tests were run using water as an aqueous waste simulant.  In each of these runs the VRS 
was used to “retrieve” about 240 gal of water from an open trough.  About 500 mL of an aqueous 
solution of cesium chloride (CsCl) containing 117.2 g of CsCl (about 1.4 M CsCl) was added to 
the trough of water, and the trough of water was stirred to mix in the CsCl.  The CsCl was added 
strictly as a tracer that could be identified and quantitatively measured in samples collected and 
did not alter the physical properties of the water significantly.  CsCl was selected as a convenient 
source of ionic Cs, which could be measured at very low concentrations by standard analytical 
methods and was otherwise present at very low levels in the CTF process water. 
 
 Samples of the CsCl waste simulant were collected before each test run (see Table 2.2) and 
analyzed for Cs by inductively coupled plasma mass spectrometry (ICP-MS).  Each sample 
consisted of four 25-mL vials of the waste simulant; two of these were combined and analyzed, 
and the remaining two were set aside for possible duplicate analysis.  Table 3.1 lists the results of 
these analyses.  The initial sample analyses are higher than subsequent analyses because the 
batch tank and waste transfer pumps contained a heel of water that was not mixed with the initial 
batch of waste simulant water.   
 

Table 3.1.  Aqueous Waste Simulant ICP-MS Analyses 

Sample Name Sample Collection Time Cs Concentration 
(µg/mL) 

CsCl1 Prior to CsCl1 aerosol sample test run 103 
CsCl2 Prior to CsCl2 aerosol sample test run 73.8 
CsCl3 Prior to CsCl3 aerosol sample test run 71.8 
CsCl4 Prior to CsCl4 aerosol sample test run 72.0 
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 As discussed in Section 2, a chemical tracer was added to the LRVP seal water.  About 
50 mL of an aqueous solution of rubidium chloride (RbCl) containing 14.08 g of RbCl (about 
2.3 M) was added to the LRVP seal water tank before the first aqueous waste simulant test 
started.  As with Cs, Rb was selected because it could be measured at very low concentrations 
and was present at very low concentrations in the CTF process water.(a)  Samples of the LRVP 
seal water were collected from the LRVP separator vessel drain prior to the addition of the RbCl 
solution, and after each of the aqueous simulant batch test runs (see Table 2.2).  Samples were 
collected by first flushing the piping upstream of the sampling port with several line volumes (a 
minimum of about 2 L) of seal water and then collecting the sample from the running stream.  
Each sample consisted of four 25-mL vials of the LRVP seal water; two of these were combined 
and analyzed, and the remaining two were set aside for possible duplicate analysis.  The samples 
were analyzed for Rb and Cs.  Analytical results are presented in Table 3.2. 
 

Table 3.2.  LRVP Seal Water Sample ICP-MS Analyses 

Sample 
Name Sample Collection Time 

Rb Concentration 
(µg/mL) 

Cs Concentration
(µg/mL) 

LRVP1 Prior to CsCl1 aerosol sample test run 
and prior to addition of RbCl 9.62 x 10-4 < 2.06 x 10-6 

LRVP2 After CsCl1 aerosol sample test run 75.8 0.135 
LRVP3 After CsCl2 aerosol sample test run 49.0 14.9 
LRVP4 After CsCl3 aerosol sample test run 40.4 17.0 
LRVP5 After CsCl4 aerosol sample test run 33.1 22.7 

 
 In addition to the aerosol present, the exhaust line generally had droplets and thin streams of 
liquid running along the inside of the pipe.  This was due both to condensation of water vapor 
downstream of the LRVP separator vessel, and the collection of entrained LRVP seal water 
droplets by the exhaust line wall.  During the CsCl2, CsCl3, and CsCl4 test runs, this liquid was 
collected in a plastic bucket, its volume was estimated, and samples were collected and analyzed.  
(No exhaust line liquid sample was collected during the CsCl1 test run because there was very 
little of the liquid present.)  Table 3.3 summarizes the available data. 
 

Table 3.3.  VRS Exhaust Line Liquid Volumes and Sample Analyses 

Sample 
Name Description 

Estimated 
Volume 

(mL) 

Rb 
Concentration 

(µg/mL) 

Cs 
Concentration

(µg/mL) 
Cond1 Liquid collected during CsCl2 test run 450 1.98 0.00529 
Cond2 Liquid collected during CsCl3 test run 550 10.6 3.16 
Cond3 Liquid collected during CsCl4 test run 950 12.3 5.33 

                                                 
(a)  An informal analysis conducted by PNNL prior to the aerosol tests indicated the background concentration of 
Rb in the CTF process water to be about 0.85 ng/mL. 
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 Comparison of the exhaust line liquid Rb and Cs concentrations with the LRVP seal water 
concentrations suggests that the exhaust line liquid was composed predominantly of condensed 
water vapor and that entrained LRVP seal water accounted for less than 40% of the liquid in the 
exhaust line.  Specific values are given in Table 3.4, where the concentration of each tracer in the 
liquid samples has been divided by the corresponding concentration in the LRVP seal water 
samples collected before and after each test run.  Assuming that the Rb seal water concentration 
decreased linearly with time during each test run and that the Cs seal water concentration 
increased linearly, the average concentrations of each tracer in the seal water during a test run 
can be approximated by averaging their concentrations before and after the test run.  This ratio 
corresponds to the fraction of entrained seal water in the exhaust line liquid sample. 
 

Table 3.4.  Comparison of Exhaust Line Liquid and LRVP Seal Water 

Test 
Run Concentration Ratio Rb 

Ratio 
Cs 

Ratio 
Test Run 
Average 

LRVP2inionConcentrat
Cond1inionConcentrat

 0.026 0.039 

LRVP3inionConcentrat
Cond1inionConcentrat

 0.040 0.0004 
CsCl2 

 

LRVP3andLRVP2inionConcentrat Average
Cond1inionConcentrat

 0.033 0.020 

0.027 

LRVP3inionConcentrat
Cond2inionConcentrat

 0.22 0.21 

LRVP4inionConcentrat
Cond2inionConcentrat

 0.26 0.19 CsCl3 

LRVP4andLRVP3inionConcentrat Average
Cond2inionConcentrat

 0.24 0.20 

0.22 

LRVP4inionConcentrat
Cond3inionConcentrat

 0.30 0.31 

LRVP5inionConcentrat
Cond3inionConcentrat

 0.37 0.23 CsCl4 

LRVP5andLRVP4inionConcentrat Average
Cond3inionConcentrat

 0.34 0.27 

0.31 

 
 Note that the estimated fraction of seal water in the exhaust line liquid samples is 
consistently smaller when calculated using the Cs data.  The reason for this is not clear.  If some 
if the Cs in the waste simulant was passed through the LRVPs without being collected in the seal 
water, the exhaust line liquid samples would have been enriched in Cs, but the opposite was 
observed. 
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3.2 Aerosol Sample Results 
 
 Aerosol samples from the VRS exhaust air stream were collected during the entire time that 
the VRS was used to collect the aqueous waste simulant.  Sample airflow through the aerosol 
filters began before the LRVPs started and not turned off until after the LRVPs had been 
stopped.  Sample airflow volumes were calculated for the period that the LRVPs were running 
and did not include the short times before and after LRVP operation that sample air was being 
drawn through the filters.  This is justified because before the LRVPs were started the exhaust 
was relatively free of aerosols, and the time span between the LRVPs stopping and sampling 
itself stopping was relatively short.  The errors associated with this treatment of the data tend to 
increase the calculated aerosol mass concentration, giving a conservatively large value.  
Table 3.5 lists the calculated sample air volumes for the system blank run (Filter1) and four 
aqueous waste simulant runs (FilterCs1, FilterCs2, FilterCs3, and FilterCs4). 
 

Table 3.5.  Aqueous Waste Simulant Test Aerosol Sample Volumes and Flow Rates 

Sample 
Name 

Sample Volume  
(m3) 

Estimated Total Exhaust 
Flow Rate 

(cfm) 

Isokinetic Sample 
Airflow Rate 

(cfm) 

Average Sample 
Airflow Rate  

(cfm) 
Filter1 0.31 370 1.37 0.58 
FilterCs1 0.088 Not Measured -- 0.34 
FilterCs2 0.067 156 0.58 0.34 
FilterCs3 0.050 245 0.91 0.29 
FilterCs4 0.079 225 0.83 0.35 

 
 Because total exhaust airflow rates were not accurately measured and appeared to fluctuate 
with time, no attempt was made to collect the aerosol samples at isokinetic flow rates.  Sample 
airflow rates were further constrained by the ranges of the sample air and dry air mass flow 
meters and the need to mix relatively large amounts of dry air with the sample air to prevent 
condensation of water in the meters.  To address these issues, the aerosol sampling was 
conducted at sub-isokinetic airflow rates.  Sub-isokinetic sampling tends to cause the collection 
of additional particles with a bias favoring larger particles.  The effect is negligible (on the order 
of 3%) for 1 µm water droplets, and becomes potentially significant (on the order of a factor of 
three) for droplets larger than about 35 µm.(a)  This has the effect of 1) collecting a greater than 
representative aerosol mass on the filter and 2) skewing the particle size distribution towards 
larger particles.  
 
 As discussed in Section 2.2.4, the filter samples were collected with dedicated sampling 
probe, filter holder, and two filters (in series) for each sample.  The entire filter assembly was 
sealed after sampling and sent to 222-S Laboratory for analysis.  Each filter assembly was then 
dismantled to remove the filters, leach the filters to remove the Cs and Rb, and rinse any 
                                                 
(a)  Based on the correlation of Belyaey and Levin (1974) as presented by Brockman (1993). 
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particulate material attached to the inner wall of the sampling probe.  The procedures for sample 
preparation and analysis are described by Callaway (2003a).  Probe rinsate and filter leachate 
from each sample were combined and analyzed by ICP-MS.  Table 3.6 lists the results in µg of 
each analyte per filter assembly; Callaway (2003b) provide further details and the results of 
laboratory quality assurance samples. 
 

Table 3.6.  Tracer Masses Measured in Filter Assemblies 

Sample 
Name Description 

Rb Mass on Filter 
(µg) 

Cs Mass on Filter
(µg) 

Filter1 System blank 0.0130 0.00197 

FilterCs1 Run with one LRVP 0.931 0.0232 

FilterCs2 Run with two LRVPs 1.09 0.0330 
FilterCs3 Run with two LRVPs 0.613 0.0918 
FilterCs4a Run with two LRVPs, primary 

(upstream) filter 1.88 0.582 

FilterCs4b Breakthrough (downstream) filter 0.00980 0.00765 

 
 Inspection of the primary (upstream) and breakthrough (downstream) filters indicated no 
water spots or other evidence that any of the filters had been damaged or failed in any way 
(Callaway 2003b).  To further verify that the upstream filters had indeed collected essentially all 
the aerosol material in the air stream, the downstream filter of FilterCs4 was analyzed for Rb and 
Cs.  Results of this analysis are given in the last row of Table 3.6.  Comparison of masses of Rb 
and Cs measured on the downstream filter with the masses measured on the upstream filters 
confirms that the upstream filter caught essentially the entire aerosol.  The mass of Rb on the 
downstream filter is about 0.5% of the Rb mass on the upstream filter, and the mass of Cs on the 
downstream filter is about 1.3% of the Cs mass on the upstream filter.  Note that the masses of 
Cs and Rb measured on the downstream filter (FilterCs4b) are also approximately the same as on 
the system blank (Filter1). 
 
 The mass of Cs measured in each filter assembly is directly related to the concentration of 
aqueous waste simulant aerosol present in the exhaust.  The formula used to calculate aqueous 
aerosol concentration, AerosolWasteC , in units of mg/m3 is 
 

    



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


−= blankCs

blank

Sample
Cs

SampleCs
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V
V

m
VC

C
ρ1000

 (3.1) 

 
where Wasteρ  is the density of the waste simulant (g/mL); Csm  and blankCsm  are the masses of Cs 

measured in the filter assembly and system blank, respectively (µg); CsC  is the mass 
concentration of Cs in the waste simulant (µg/mL); and SampleV  and blankV  are the volumes of the 

aerosol sample and system blank, respectively (m3).  Assuming Wasteρ  = 1.0, Eq. (3.1) has been 
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applied to the sample air volumes (Table 3.5), filter assembly Cs masses (Table 3.6), and the Cs 
concentrations in the waste simulant (Table 3.1) to calculate the waste aerosol concentrations for 
each sample.  Results are listed in Table 3.7.  As expected, the aerosol concentration of waste 
simulant in the exhaust increased with each successive test run, presumably for reasons described 
in Section 1.2.2. 
 

Table 3.7.  Aqueous Waste Simulant Test Aerosol Mass Concentrations 

Test Run Description 
VRS Exhaust Aqueous Waste Simulant 

Aerosol Mass Concentration 
(mg/m3) 

CsCl1 Test run with one LRVP 2.5 

CsCl2 Test run with two LRVPs 6.6 
CsCl3 Test run with two LRVPs 25 
CsCl4 Test run with two LRVPs 102 

 
 Note that the results in Table 3.7 are specific to an aqueous waste (simulant) having a density 
of 1.0 g/mL.  Ignoring the small increases (decreases) in batch tank and LRVP separator vessel 
aerosol removal efficiencies associated with denser (less dense) materials, the aerosol 
concentrations given in Table 3.7 can be adjusted to any specific liquid waste density by 
multiplying the value in Table 3.7 by the specific gravity of the waste. 
 
 The aerosol mass concentration measured for test run CsCl4 is anomalously high, based on 
the expectation that increases in aerosol masses between test runs CsCl1, CsCl2, CsCl3, and 
CsCl4 should approximately follow the successive increases in LRVP seal water Cs 
concentrations given in Table 3.2.  The reason for the high CsCl4 result was not clearly 
established, but it appears to be related to the increased temperature of the LRVP system.  The 
volume of condensate and entrained seal water (Table 3.3) collected from the exhaust line during 
the CsCl4 test had increased, and it is possible the re-entrainment of relatively large droplets 
from the exhaust line wall resulted in the high aerosol mass concentration measured for this test 
run.(a) 
 

                                                 
(a)  Informal testing conducted since these tests were performed included several test runs with the blind flange at 
the end of the aerosol sampling wye removed (see Figure 2.1).  It was noticed that, as the amount of liquid in the 
exhaust line increased, there was a disproportionate increase in the number of large droplets in the exhaust.  These 
droplets were large enough to feel as individual drops on one’s hand, and too large to have passed directly from the 
LRVP separator to the sampling apparatus.  It was presumed that they were produced by resuspension of the liquid 
as it passed over the connection between the elbow and the Plexiglas pipe just upstream of the sampling point.  
Because such droplets are also too big to remain suspended if accidentally released from the exhaust line, they 
would not contribute to the exposure of an individual more than a few feet away. 
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3.3 Batch Tank Collection Efficiency 
 
 The batch tank collection efficiency was estimated by dividing the amount of Cs transferred 
from the batch tank to the LRVP seal water by the total amount of Cs collected by the AMS 
during the run.  The amount of Cs transferred from the batch tank was calculated by performing 
a mass balance on the Rb in the LRVP system to establish the amount of aqueous waste simulant 
added to the LRVP system.   
 
 DrainDrainCsCondCondCsLRVPLRVPCsfLRVPfLRVPCsBatchCs VCVCVCVCm ++−= 00  (3.2) 
 
Where BatchCsm  is the total mass of Cs transferred from the batch tank to the LRVP seal water 

during the test run (mg), fLRVPCsC  and fLRVPV  are the LRVP seal water Cs concentration and 

total volume at the end of the test run (µg/mL and L, respectively), 0LRVPCsC  and 0LRVPV  are the 

LRVP seal water Cs concentration and total volume at the start of the test run (µg/mL and L, 
respectively), CondCsC  and CondV  are the exhaust line liquid Cs concentration and total volume 

(µg/mL and L, respectively), and DrainCsC  and DrainV  are the LRVP drained liquid Cs 

concentration and volume (µg/mL and L, respectively). 
 
 Samples of the LRVP seal water collected before and after the test runs establish fLRVPCsC  

and 0LRVPCsC .(a)  Exhaust line liquid was collected and analyzed (giving both CondCsC  and CondV ) 
for each test run except the first, which had markedly less liquid in the exhaust than subsequent 
test runs.  To establish estimates for fLRVPV , 0LRVPV , and DrainV , a material balance on the Rb in 
the LRVP system is used.  Analogous to Eq. (3.2), the Rb material balance is given by 
 
 DrainDrainRbCondCondRbLRVPLRVPRbfLRVPfLRVPRb VCVCVCVC ++−= 000  (3.3) 
 
where the left side is now zero because there is no Rb being introduced from the batch tank 
during the run. 
 
 Note that during the aqueous simulant tests, the amount of aqueous simulant passed through 
the batch vessel to the LRVP system was significantly greater than the amount of liquid lost via 
the exhaust line.  The accumulation of liquid in the LRVP system was consequently handled by 
the system by automatic opening of the drain valve.  Specifically, when the seal water level 
reached the high-level switch (i.e., when the seal water volume reaches about 140 L), the drain 
valve is automatically opened and seal water is drained out until the liquid level reaches the low-

                                                 
(a)  No LRVP sample was collected before the first test run because the RbCl solution had not been mixed 
throughout the LRVP system at that time. 
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level switch (i.e., when the seal water volume reaches about 85 L).  Based on this description of 
the LRVP system, the following additional restraints are imposed:  
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 Only one LRVP was used in the first test run, with the result that the RbCl added to the 
LRVP seal water prior to this run was not mixed with the reservoir of water in the second LRVP.  
This effectively decreased the working volume of seal water during this run by an estimated 
20 L.  Therefore, for the first test run, 
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 Eq. (3.2) and (3.3) were solved for each of the test runs, with the restrictions given in Eq. 
(3.5) imposed on test run CsCl1, and Eq. (3.4) imposed on test runs CsCl2, CsCl3, and CsCl4.  
Table 3.8 lists the input values and results.  Values not directly obtained from sample analyses or 
test measurements are given in brackets and their origin explained in the table endnotes. 
 
 The calculated batch tank collection efficiencies given at the bottom of Table 3.8 indicate 
that Test Run CsCl1, conducted with a single LRVP, caused the least amount of aqueous waste 
simulant to be passed through the batch tank.  Test runs CsCl2, CsCl3, and CsCl4, each 
conducted with two LRVPs operating, had an average batch tank collection efficiency of 0.983, 
and allowed an average of 1.7 wt% of the waste simulant to pass through the batch tank.   
 

3.4 LRVP Seal Water Aerosol in the Exhaust Air Stream 
 
 Results given in Tables 3.2 and 3.5 support the premise that the waste aerosol concentration 
in the exhaust should increase as the concentration of waste in the LRVP seal water increases 
(see Section 1.2.2).  To estimate the likely aerosol concentration in the exhaust line at any time 
during a retrieval campaign, notably after many batches of waste have been retrieved, it is 
necessary to establish both the collection efficiency of the batch tank (see Section 3.4) and the 
amount of LRVP seal water entrained in the exhaust. 
 
 If all of the waste particles passing through the batch tank and entering the LRVPs were 
collected in the LRVP seal water, and the appearance of waste aerosol in the exhaust could be 
attributed solely to droplets of LRVP seal water entrained in the exhaust, then the waste aerosol 
concentration in the exhaust should be directly proportional to the concentration of waste in the  
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Table 3.8.  Batch Tank Efficiency Calculation Inputs and Results 

Parameter Notes Test Run 
CsCl1 

Test Run 
CsCl2 

Test Run 
CsCl3 

Test Run 
CsCl4 

Initial Seal Water Volume, 0LRVPV , (L) (a) [115] [69] [103] [122] 

Initial Seal Water Cs Conc., 0LRVPCsC , (µg/mL)  0 0.135 14.9 17.0 

Initial Seal Water Rb Conc., 0LRVPRbC  (µg/mL) (a) [87] 75.8 49.0 40.4 

Exhaust line liquid volume, CondV , (L) (b) [0.45] 0.45 0.55 0.95 

Exhaust line liquid Cs Conc., CondCsC , (µg/mL) (b) [0.00529] 0.00529 3.16 5.33 

Exhaust line liquid Rb Conc., CondRbC , (µg/mL) (b) [1.98] 1.98 10.6 12.3 

Seal Water Drained Volume, DrainV ,  (L)  55 0 0 55 

Drained Seal Water Cs Conc., DrainCsC , (µg/mL) (c) [0.135] -- -- [22.7] 

Drained Seal Water Rb Conc., DrainRbC , (µg/mL) (d) 82 -- -- [35] 

Final LRVP Seal Water Volume, fLRVPV , (L)  72 107 125 90 

Final Seal Water Cs Conc., fLRVPCsC , (µg/mL)  0.135 14.9 17.0 22.7 

Final Seal Water Rb Conc., fLRVPRbC , (µg/mL)  75.8 49.0 40.4 33.1 

Volume of Seal Water used in sample flush (L)  2.7 3.3 3.7  
Mass of Cs passed from Batch Tank, BatchCsm , (mg)  17.1 1,580 590 1,224 

Mass of Cs entering Batch Tank (mg) (e) [93,440] [66,950] [65,136] [65,317] 

Collection Efficiency of Batch Tank  0.9998 0.976 0.991 0.981 

(a)  Just before the start of test run CsCl1 the RbCl solution, containing 9,950 mg of Rb, was added to the LRVP 
seal water.  The values of initial seal water volume and initial seal water Rb concentration for this run may vary as 
long as  0LRVPCsC 0LRVPV  = 9,950 mg.  Subsequent initial seal water volumes were calculated by subtracting the 
volume of seal water used in sample flush (see Section 3.1) from the calculated final seal water volume of the 
previous test run. 
(b)  No exhaust line liquid sample was collected during Test Run CsCl1, in part because little was present to 
collect.  It was assumed in calculations that the exhaust line liquid volume and composition were the same that 
measured in Test Run CsCl2. 
(c)  LRVP seal water drained automatically was assumed to have the same Cs concentration as the LRVP seal 
water sample collected at the end of the test run.  This tends to overestimate the amount of Cs lost via the automatic 
drain and decrease the batch tank collection efficiency. 
(d)  The Rb concentration in LRVP seal water drained automatically was calculated by assuming the Rb present in 
the LRVP system was diluted with aqueous waste simulant to a volume of 140 L (the point at which the automatic 
drain is activated). 
(e)  Mass of Cs entering batch tank was calculated by multiplying the measured Cs concentration in the aqueous 
waste simulant (from Table 3.1) by the total volume of simulant collected during the test run (907 L). 
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LRVP seal water.  The volume of LRVP seal water entrained(a) in the VRS exhaust (mL/m3) can 
be calculated with the following equation:  
 

    
SampleLRVPCs

Cs
aerosolwaterLRVP VC

m
C =  (3.6) 

 
where LRVPCsC  is the concentration of Cs in the LRVP seal water (µg/mL). 
 
 Note that LRVPCsC  increased throughout each test run because waste simulant passed through 
the batch tank and was added to the LRVP seal water (see Table 3.2).  Even if the influx of Cs 
from the batch tank was constant during the run, the change in LRVPCsC  would not be linear 
because the LRVP seal water volume is also gradually increasing.  Compounding this is the fact 
that during testing approximately 14.5 gal of the LRVP seal water was automatically drained 
from the separator vessel when the liquid level reached the high-level indicator,(b) and no record 
of these automatic drains is available.  In lieu of better data, the measured values of LRVPCsC  
from LRVP seal water samples collected before and after each run were averaged (see 
Table 3.2), and used in Eq. (3.6) with Csm  values from Table 3.6 and SampleV  from Table 3.5.  
Results of these calculations are given in the third column of Table 3.9. 
 

Table 3.9.  LRVP Seal Water Aerosol Concentration in Exhaust Air Stream 

Aerosol Seal Water Concentration in Exhaust Air Stream 
(mL/m3) Test Run Run Description 

From Cs Data From Rb Data 
CsCl1 Run with one LRVP 3.9 0.13 
CsCl2 Run with two LRVPs 0.066 0.26 
CsCl3 Run with two LRVPs 0.12 0.27 
CsCl4 Run with two LRVPs 0.37 0.65 

 
 The relationship between the mass of Rb in the filter assembly, Rbm , and LRVP seal water 
Rb concentration, LRVPRbC , to the LRVP seal water concentration in the exhaust line is analogous 
to Eq. (3.6): 
 

                                                 
(a)  Waste or LRVP water that is “entrained” in the exhaust is categorically considered an aerosol here and does not 
include the droplets and small streams of liquid running along the inside wall of the VRS exhaust line. 
(b)  The LRVP water level is controlled by adding make-up water when the level drops too low and by draining seal 
water when the level rises too high.  When the seal water reaches the high-level switch, indicating too much seal 
water present, a drain valve is automatically opened and seal water is drained to a sump until the low-level switch is 
reached.  When the seal water reaches the low-level switch (either during normal operation or when the level was 
automatically drained) the valve controlling make-up water is automatically opened until the low-level switch is 
again submerged. 
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SampleLRVPRb

Rb
aerosolwaterLRVP VC

m
C =  (3.7) 

 
 Like the Cs concentration, the Rb concentration in the LRVP seal water was also changing 
during the test runs.  The Rb concentration decreased during the run as aqueous waste simulant 
was carried over from the batch vessel and diluted the Rb.  As with Cs, the Rb concentration 
would not have changed linearly with time.  In lieu of better data, the Rb concentration was 
assumed to be approximately linear, and the LRVPRbC  for each test run was calculated by 
averaging the Rb concentrations measured in the LRVP seal water samples collected before and 
after the test run.  Results of these calculations are given in the last column of Table 3.9. 
 
 Results in Table 3.9 from Cs and Rb data should agree.  The greatest inconsistency occurs for 
the first test run, where it appears the value for LRVPCsC  is anomalously low, resulting in the high 
calculated aerosol concentration. 
 



 

  4.1  

4.0 Dry Waste Simulant Test 
 
 One test was run using fine sand as a dry waste simulant.  This section discusses the test 
conditions and presents the results of that test run. 
 

4.1 Aerosol Sample Analyses and Results 
 
 The dry waste simulant test run filter sample and the system blank filter sample were both 
subjected to gravimetric analysis and particle size analysis.  The filter assemblies were 
disassembled and the particulate sample recovered by 222-S Laboratory.  Particles on the inside 
of the sampling probe and upstream half of the filter holder were rinsed off with de-ionized water 
and added to the upstream filter sample.  The samples were incinerated (to burn off the filter 
itself), cooled, and weighed.  Details of the analyses are given by Callaway (2003b).  Table 4.1 
lists the results, considered accurate to ± 0.5 mg, along with the measured weight of an 
incinerated clean, unused filter. 
 

Table 4.1.  Dry Waste Simulant Filter Sample Gravimetric Analysis Results 

Test Run Description Mass 
(mg) 

Sample Air 
Volume 

(L) 

Aerosol 
Concentration

(mg/m3) 
Filter1 System blank 0.8 310 2.6 
Filter2 Dry waste simulant test run 8.7 702 9.8(a) 

-- Clean, unused filter 0.7 -- -- 
(a)  Value includes correction for 2.6 mg/m3 of background particles. 

 
 Also listed in Table 4.1 are the sample air volumes for each sample, and the calculated 
aerosol concentration.  Note that the aerosol concentration for the dry waste simulant test run has 
been corrected for the measured background (system blank) aerosol concentration. 
 
 The incinerated samples (ash) and sample rinsate were then added to vials of water, agitated, 
and transferred to PNNL for particle size analysis.  Particle size analysis was conducted at PNNL 
using a Particle size analyzer.(a)  Table 4.2 gives key statistical results for these samples.  
Numerical results are included in Appendix A. 
 
 The aerosol size statistics given in Table 4.2 are based on a count of particles in each size bin 
of the distribution and indicate that the average particle size is relatively small.  However, 
because the mass of the particles is proportional to the cube of the diameter, the mean particle 
masses are significantly larger than the mean particle diameters.  This is illustrated in Figure 4.1, 

                                                 
(a)  Analyses were conducted using a Horiba LA-920 particle size analyzer. 
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Table 4.2.  Dry Waste Simulant Filter Sample Particle Size Analyses 

Parameter System Blank 
(Filter1) 

Dry Waste  
Simulant Run 

(Filter2) 

Clean 
Unused Filter 

Median particle diameter (µm) 3.4 7.9 34.9 
Mean particle diameter (µm) 4.4 9.0 34.9 
Mode of particle diameters (µm) 8.17 12.4 42.2 

 
 
where the total mass of particles as a function of particle size (effective diameter) is plotted for 
the incinerated dry waste simulant sample (Filter2) and the system blank sample assuming all 
particles are spherical and have a nominal density of 2.5 g/mL.  This figure illustrates that about 
80% of aerosol particle mass collected during the dry waste simulant test run was associated with 
particles greater than 10 µm in diameter.  Also, because the system blank and Filter2 samples 
have comparable aerosol masses below 10 µm, much of the mass of particles smaller than 10 µm 
in the Filter2 sample is attributable to materials present in the system before dry waste simulant 
was introduced. 
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Figure 4.1.  Total Mass of Particles as a Function of Particle Size 
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4.2 Particulates in Exhaust Line Liquid Samples 
 
 The fluid running along the inside of the exhaust line during the dry waste simulant test run 
was collected in a catch container.  Two samples were collected.  Approximately 23 L of fluid 
was collected during the 29-minute test run.  The samples were collected by first vigorously 
stirring the fluid catch container to resuspend any settled particles and then submerging the 
sample vials to flush and fill them.  The sample labeled “Cond4” was collected from the initial 
15 L of fluid, and the sample labeled “Cond5” was collected from the final 8 L of fluid. 
 
 The 222-S Laboratory conducted a gravimetric analysis of sample Cond5 and determined it 
had a solids content of 25 g/L (Callaway 2003b).  As part of the analytical procedure, the Cond5 
sample was centrifuged and the liquid decanted to a separate container.  It was noted by the 
analyst that even prolonged centrifugation did not completely remove all suspended particles 
from the liquid portion of Cond5.  Particle size analyses were conducted on Cond4 and both the 
Cond5 solids and decanted liquid.  Table 4.3 lists key statistical parameters from the particle size 
analyses.  Complete analyses are given in Appendix A.   
 

Table 4.3.  Size Analyses of Particles in Exhaust Line Liquid 

Parameter Cond4 Sample
Particles 

Cond5 Sample 
Centrifuged Solid 

Particles 

Cond5 Sample 
Decanted Liquid 

Suspended Particles 

Median particle diameter (µm) 10.3 8.9 13.3 
Mean particle diameter (µm) 12.7 10.5 13.2 
Mode of particle diameters (µm) 12.4 12.4 16.3 

 
 A comparison of results in Tables 4.2 and 4.3 (as well as the more detailed analyses given in 
Appendix A) indicates that the particles collected by the aerosol filter sample had a size 
distribution very similar to that of the two exhaust line liquid samples, suggesting that the loss of 
aerosol particles to the exhaust line wall between the outlet of the LRVP separator vessel and the 
aerosol sampling point did not strongly affect the aerosol sample particle size distribution. 



 

  5.1  

5.0 Conclusions 
 
 The tests described in this report have characterized the efficiency with which waste 
simulants are removed from the entraining air stream in the C-200 VRS under various 
conditions.  The important conclusions from the tests are 

1. As expected, operation of the VRS causes a gradual increase in the concentration of 
aqueous waste simulant in the LRVP seal water.  Comparison of the amounts of Rb 
and Cs tracers in the exhaust line liquid samples suggests that nearly all the aqueous 
simulant passed through the batch tank to the LRVPs was collected by the LRVP seal 
water.  The LRVPs appear to be highly effective at scrubbing waste particles from the 
air leaving the batch tank for aqueous waste. 

2. Also as expected, aqueous waste simulant aerosol mass concentrations in the exhaust 
line increased in each successive test run.  However, the increases in aerosol 
concentration were expected to be about proportional to the increases in LRVP seal 
water waste simulant concentration, and they were not.  Instead, the aerosol 
concentrations increased much faster than the LRVP simulant waste concentrations.  
This has not been definitively explained, but it is thought to be due to the gradually 
increasing temperature of the LRVP system and secondary phenomena (e.g., re-
entrainment of droplets from exhaust line walls). 

3. The dry waste simulant particles collected by the filter samples tended to range in size 
(effective diameter) from about 1 to 50 µm, and about 80% of the aerosol mass was 
due to particles greater than 10 µm.  The dry waste simulant itself was determined to 
be composed primarily of much larger particles, having a mean particle size of about 
280 µm based on an average of four measurements (see Appendix A).  This indicates 
that the VRS is very effective at collecting waste particles larger than about 50 µm.  
Visual inspection of the LRVP seal water drained after the tests indicated larger 
particles were being collected by the LRVP seal water, implying that the 50 µm 
particle size was essentially the cut size of the LRVP separator vessel.  This is 
supported by similar particle size analyses of the solid particles in the exhaust line 
liquid samples (Cond4 and Cond5). 

4. Batch tank aqueous waste simulant collection efficiency was markedly higher for the 
test conducted with one LRVP than for the three tests conducted with two LRVPs.  
The calculated batch tank efficiency with one LRVP was 99.98%, and with two 
LRVPs the average was about 98.3%.  The reason for this difference was not 
established but could be explained by a nonrepresentative LRVP2 sample or an error 
in its chemical analysis.  Because it is inconsistent with subsequent test runs, it is 
recommended that the batch efficiency calculated for the CsCl1 test run not be used 
for safety-related analyses and that the batch tank collection efficiency be assumed to 
be 98.3% regardless of whether one or two LRVPs are used. 
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5. The VRS exhaust was estimated to contain between 0.07 to 0.7 mL/m3 of LRVP seal 
water as an aerosol, excluding a single anomalously high value associated with Cs 
measurements in the first test run.  
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